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The authors would like to thank both reviewers for the very detailed comments and 
modifications suggested in order to improve the quality of this paper. We have tried our best 
to respond to their concerns. You will find below the answers to each comment for both 
reviewers. In those instances where the text was modified, we indicate this by: removed, kept, 
added. Some of the Figures required alterations as well, they are not included here, so please 
see the revised manuscript submitted. The manuscript legibility has been improved in a few 
places. 
 
Comments from the editors and reviewers: 
Reviewer 1 
 
The authors developed a dual-modality imaging platform combining photoacoustic 
microscopy (PAM) and optical coherence tomography (OCT) using a single commercial 
supercontinuum light source. Adjustable bandpass filtering was used to select wavelengths 
between 500 nm and 800 nm for multispectral PAM while the 90-nm spectral band centered 
at 1310 nm was employed for OCT illumination. Dual-modality imaging was performed on 
phantom sample containing dyes of different colors and in vitro mouse ear tissue. 
Experiments results showed that OCT can provide three-dimensional (3D) structure of 
sample while multispectral PAM can distinguish chromophores with different absorption 
spectra. 
 Development of single portable supercontinuum light source for combined PAM and OCT 
should interest readers of Photoacoustics. The writing was smooth and the study was 
explained clearly. However, in my opinion, the experiments can be better designed and the 
results can be better processed and presented in order to make this work more appealing. I 
would recommend the authors to revise the study and the manuscript based on my following 
comments. 
1. My major concern is the quality of the PAM images shown in the manuscript. 
Although the authors claim that the supercontinuum light source used in this study 
has enhanced pulse energy, the PAM images still have moderate quality, especially 
compared with state-of-art PAM systems using lasers. I have following suggestions 
to improve image quality. 1) The authors used 35-mm uncoated singlet to focus the 
light onto the sample. Switching to a better-quality objective may produce 
significantly better images. 2) The authors used in vitro mouse ear to demonstrate 
blood vessel imaging, oxygenation extraction. Why not use living mouse? Active 
blood circulation can make more vessels appear in the PAM images. If living animal 
experiment is challenging, filling plastic tube with blood is also a way to mimic 
vascular imaging. 3) Normally, people do not show PAM B-scans, especially when 
the axial resolution is dozens of micrometers. I suggest the authors to show en 
projections in Fig. 7&8, which would contain much more information due to higher 
lateral resolution. In addition, maximum projection may have better contrast than 
integrating the entire A-line. 
 
We thank the reviewer for raising these very valid points. This is a preliminary study to show 
that a supercontinuum source can be used for MPAM and OCT simultaneously. 
Unfortunately, our MPAM system does not perform as a state-of-the art one yet. Better 
images are possible via improvements in the hardware, software and with access to better 
samples. Due to the ethical approvals in place in our labs we were limited to using in-vitro 
samples only. In this paper we tried to present the best samples we can use that would show 
the possibilities that the supercontinuum offers for MPAM and OCT. Additionally, we did 
not perform any processing or filtering on the images (except changing the contrast). The 
main point is that the images are not averaged or stitched. In our case a full 3D (500x500 A-
scans) dataset is acquired in 25 s only. In order to address other comments, we have specified 
in the manuscript information on the imaging speed as well as on the signal to noise ratio of 
our images. 
 
1) We employ a wide wavelength range (from 475 nm to 1300 nm) to probe the sample. This 
requires an uncoated optical element. A focusing element with such an ultra wide anti-
reflection coating does not exist. Equally, such a wide band achromat does not exist either. 
Using objectives designed for a specific spectral range would improve either the OCT 
channel (1300 nm) or the PAM channel (475-840 nm) on the expense of quality of the images 
on the other modality. Using an objective with a higher NA may improve image quality. 
However, to accommodate the needle transducer in contact with the sample, a large working 
distance objective/lens is needed, exceeding 2-3 cm. Therefore an uncoated singlet lens was 




diseases) ex-vivo tissue being allowed. The use of an ex-vivo/in-vitro mouse ear has been 
chosen in order to show the advantages of both modality: structure with the OCT, absorption 
with MPAM.  
As suggested by the reviewer, we imaged blood in a tube, and produced PAM maximum 
amplitude projections, as shown below in comparison with the maximum amplitude 
projections of the mouse ear (Fig. 7 (b)). The same settings are used, a central wavelength of 
550 nm with 50 nm bandwidth. MPAM has been performed with a bandwidth of 50 nm at 
different central wavelength from 500 to 600 nm every 10 nm. The contrast is slightly higher 
in the PAM image of the tube compared to the mouse ear but no interesting features are seen, 
whilst the 1300 nm OCT gives little signal. We believe that by adding such images, the paper 
would not improve, hence we decided to retain the original images from the mouse ear in-
vitro in the manuscript (the presentation of the images have been modified to answer 
reviewers comments).  
     
PAM maximum amplitude projections at 550 nm (50 nm bandwidth), left: mouse ear in-vitro. 
ULJKWWXEHILOOHGZLWKEORRG6FDOHEDUVȝP 
 
3) We thank the reviewer for the advice of presenting the en-projections, we believe the 
reviewer refers to maximum amplitude projections. We agree that this display modality 
provides more amenable interpretation. Therefore, we have added the maximum amplitude 
projection inferred from 500x500 PAM A-scans, over the en-face OCT images in Fig. 5(d) 
and Fig. 5(e).  
However, to secure the association of information with the B-scans in the OCT channel we 
have still retained the PAM B-scans, and this was also in line with what the 2nd reviewer 
suggested: to produce an overlay of the PAM B-scans obtained with the different excitation 
bands and employ a color map. This has resulted in the revised Fig. 6.  
In the same spirit, the maximum amplitude projections for each PAM excitation band are 
overlaid by employing the same association of colors. 
As suggested by the reviewer, for the mouse ear imaging, we replaced the PAM summed 
voxel projection by the maximum amplitude projection, see Fig. 7 (b). 
 
We believe that the poor contrast of our images is due to the nature of the sample. However, 
by changing the presentation of the images (maximum amplitude projection and overlay of 
PAM using a color map) the capabilities of the supercontinuum source for OCT and MPAM 
are better demonstrated in the revised manuscript. 
 
 
2. 3OHDVHUHSKUDVHWKHODVWVHQWHQFHRIWKHDEVWUDFW³In-vitro mouse ear B-scans images 
RIDPRXVHHDUDUHSUHVHQWHG´ 
 
We corrected WKHWH[W³In-vitro mouse ear B-scans images of a mouse ear are presented´ 
 
 
3. In the second paragraph of introduction, I suggest the authors include another 
difference between the light sources of PAM and OCT. PAM requires pulsed light 
source for PA excitation. 
 
We thank the reviewer for the suggestion, we have added a sentence to explain that 
SDUDJUDSKVHFWLRQ³PAM typically requires a light source with a pulse duration of a 




4. In Fig. 1, VARIA is used to split the wavelength range for PAM and OCT. However, 




to the picture of the Compact in the datasheet: http://www.nktphotonics.com/wp-
content/uploads/sites/3/2015/03/SuperK_VARIA.pdf). A dichroic mirror splits the light into 
WKH³YLVLEOH´EDQGE\UHIOHFWLRQDQGLQWRDQLQIUDUHG,5UHJLRQDERYHQPE\
transmission). The existence of such a second IR channel (>850 nm) is often unknown, hence 







We thank the reviewer for spotting this problem. We changed the text in order to avoid using 
³YLVLEOHEDQG´ZKHQUHIHUULQJWRWKH-840 nm, or 500-840 nm (for the PA measurements) 
EDQGUDQJHDQGXVHG³VKRUWZDYHOHQJWKEDQG´ZKHUHVXLWDEOH:HWRRNWKHOLEHUW\WRFKDQJH
that throughout the text when needed for consistency: 
,QWKHDEVWUDFWZHFKDQJHG³visible´WR³500-840 nm´ 
,QVHFWLRQSDUDJUDSKZHFKDQJHG³«ZLWKLQDZLGHUDQJHRIZDYHOHQJWKVFRYHULQJWKH
visible and extending IURPaQPWRaQP«´ 
,Q)LJZHFKDQJHG³visible´WR³450-840 nm´ 
,QVHFWLRQSDUDJUDSKWKHRQHWKHUHYLHZHULVUHIHUULQJWRZHFKDQJHG³«ZKLFKVSOLWV
the spectrum into a short wavelength band visible and an IR band. The short wavelength 
visible band, covering a broad range from 450~nm to 8aQP«´ 
,QVHFWLRQSDUDJUDSKZHFKDQJHG³«FDOFXODWHGIRUZDYHOHQJWKVFRYHULQJWKH visible 
range from 450~nm to 840~nm wavelength range.´ 
,QVHFWLRQHQGRISDUDJUDSKZHFKDQJHG³«WKHDEVRUSWLRQVSHFWUDRIGLIIHUHQW
absorbers within the 500-840 nmvisible UDQJH«´ 
,QVHFWLRQSDUDJUDSKZHFKDQJHG³«between different absorbers within the 500-840 
nmvisible range.´ 
In the Conclusion, ZHUHPRYHG³visible´DQGFKDQJHG³«differentiate absorbers within the 
500-840 nmvisible range´ 
 
 
6. In the same paragraph, a long pass filter is applied to ensure a spectrum centered at 
1310 nm for OCT channel. Since supercontinuum source extends up to 2000 nm, a 
short pass filter should also be needed. In addition, please indicate the position of the 
filter in Fig. 1. 
 
The position of the filter has been added in Fig. 1, and detailed in the caption. 
We rearranged the text that explains the two bands and added some text to help the 
understanding (section 2, paragraph 1): 
7KHWH[W³A longpass filter, with a cut-off wavelength of 1150 nm (FEL1150, Thorlabs) 
ensure a spectrum centered at 1310 nm for the OCT channel and a power of 8 mW on the 
sample. These two spectral bands are fiber-delivered to facilitate the implementation of the 
combined system (Connect FD7 non-PM and FD5 non-PM respectively, NKT Photonics 
A/S). A 50/50 fiber coupler is used for the interferometer (TW1300R5A2, Thorlabs) with a 
polarization controller in the reference arm only.´ 
was replaced with: 
³The IR band covers an ultra-broad range extending from 850 nm to 2300 nm. The short 
wavelength band and the IR band are fiber-delivered to facilitate the implementation of the 
combined system (Connect FD7 non-PM and FD5 non-PM respectively, NKT Photonics 
A/S). A 50/50 fiber coupler is used for the interferometer (TW1300R5A2, Thorlabs) with a 
polarization controller in the reference arm only. The FD5 fiber and the coupler are working 
as bandpass filters. However due to the presence of supercontinuum pump power at 1060 nm, 
further filtering is required, which is achieved by using a longpass optical filter with a cut-off 
wavelength of 1150 nm (FEL1150, Thorlabs) positioned between the VARIA box and the 
Connect FD5 (using a custom accessory). Thus, a spectrum centered at 1310 nm for the OCT 
channel with a power of 8 mW on the sample is achieved.´ 
 
 
7. In the same paragraph, is there a particular reason to use different beams in the two 
arms of OCT? (Indicated by different reflective fiber collimators) 
 
The RC08APC-01 collimator gives a beam diameter of ~ 8 mm, whilst the RC04APC-01 
collimator delivers ~ 4 mm. The size of galvo-scanner mirrors limits the beam diameter to a 
maximum of 5 mm. Since we only had two RC04APC-01 collimators, we prioritized them 
for the sample arm of the system (OCT and PAM). It is not important for the reference arm to 
employ a different collimator. 
We explained this in the text, please see modifications below on our response to comment 9 




³«UHflected by two galvo-VFDQQHUVWKDWDOORZVUDVWHUVFDQQLQJ«´ 
 
We thank the reviewer for spotting the typo, this has been rectified. 
 
 
9. In the same paragraph, please provide the diameters of the illumination beams, which 
can relate to theoretical lateral resolutions. 
 
We added the beam size of the two beams (PAM and OCT) that is given by the NA of the 
fiber and the focal length of the reflective fiber collimators (RC04APC-01). The 
modifications of the text below (in the revised paper situated at the bottom of column 1 of 
page 2, in section 2, paragraph 1) answer to this comment and comment 7 of reviewer 1 
above: 
³Silver-coated reflective fiber collimators (RC04APC-01 in the sample arm and RC08APC-
01 in the reference arm, Thorlabs) are used to ensure achromaticity. Both bands are combined 
iIn the sample arm of the interferometer, the two beams, used for OCT and PAM, are both 
conveyed via by a dichroic mirror (DMLP950, Thorlabs), then reflected by two galvo-
scanners that allows raster scanning of the sample in the lateral directions (6220H, 
Cambridge Technology). The scanners limit the beam diameters to a maximum of 5 mm, 
therefore ~ 4 mm beams are used in the sample arm, determined by the numerical aperture of 
the optical fibers and the focal length of the collimators (RC04APC-01, Thorlabs). A 
different collimator (RC08APC-01, Thorlabs) has been used in the reference arm of the OCT 




10. In the first paragraph of section 3.1, the authors integrate the absorption spectra of 
GLIIHUHQWG\HV³IRUDEDQGZLGWKRIQPLQVWHSVRIQP´WRFRPSDUHZLWK
multispectral PAM measurements. The bandwidth should be consistent with 
illumination band. If illumination bandwidth is 15 nm or 25 nm, the integration 
bandwidth cannot remain 50 nm. 
 
We thank the reviewer for raising this issue (in line to that of Reviewer 2, comment 6). 
Effectively there is a need to clarify the statement. First, the literature/reference curves 
corresponding to 15, 25 and 50 nm integration are presented instead of only 50 nm. The 
reference curves were obtained by taking the experimental data from references [23-25] and 
performing integrations over 15, 25 and 50 nm bandwidth, in order to ensure a fair 
comparison between our measurement data and that from the reference curves. The so-called 
literature curves are plotted with a point every 25 nm, which correspond to the step of the 
photoacoustic measurements. To clarify all this, we modified the text as follow (end of page 
3): 
³In Fig. 4 (b), (c) and (d) the photoacoustic measurements carried out with different 
bandwidths of Rhodamine B, Malachite Green and ICG respectively, are compared to the 
absorption curves adapted taken from literature in water, ethanol orand plasma, respectively 
[23-25]., which have been integrated for a bandwidth of 50 nm in steps of 25 nm. 
7KH³OLWHUDWXUH´FXUYHVLQ)LJDUHFRQVWUXFWHGXVLQJGDWDUHWULHYHGIURPUHIHUHQFHV>±25]. 
These have been integrated over a specific bandwidth (15, 25 or 50 nm) in steps of 25 nm in 
order to ensure a fair comparison between our photoacoustic measurements and the literature 
for each of the absorbers.´ 
To further clarify our point, we have changed Figures 4 (c) and (d): we computed and 
displayed in addition the literature curves corresponding to an integration bandwidth of 15 
and 25 nm, and updated the legend and the caption in this respect. We changed slightly the 
caption to fit better with the new Figures:  
³«Absorption spectrum adapted from the literature and inferred via photoacoustic 
measurements for different bandwidths (15, 25 and 50 nm) of (b) Rhodamine B, (c) 





bandwidth of the excitation light source have no significant influence on the 
PHDVXUHPHQWV´ 
 
We thank the reviewer for spotting this typo, this has been rectified 
 
 
12. In the same paragraph, the last 4 lines repeat the contents described earlier. Please 
reorganize the paragraph. 
 
This is a good observation, therefore we have reorganized the paragraph (end of paragraph 1, 
section 3.1) from: 
³The absorption spectrum depends on the media the dye has been diluted into; in our case no 
literature reference is available for silicone. Figures 4 (b), (c) and (d) show that the 
spectroscopic measurements can resolve the absorption spectra of different absorbers within 
the visible range. The spectral bandwidth of the excitation light source has no significant 
influence on the measurements, the differences are due to measurement uncertainties. The 
spectra measured are broader than found in the literature; we conjecture that this is due to the 
influence of silicone on the dye absorption, the medium used to dissolve absorbers influences 
the spectral absorption. We have however shown that our system is capable of distinguishing 
between different absorbers within the visible range and recovering their absorption spectra.´ 
to: 
³The absorption spectrum depends on the media the dye has been diluted into; in our case no 
literature reference is available for silicone. The spectra of Malachite Green and ICG 
measured are broader and flatter than found in the literature. We conjecture that this is due to 
the influence of silicone on the dyes absorption and/or due to the fact that in our phantoms, 
the dyes aggregate in the silicone, as observed in Fig. 4 (a). Aggregates have different 
properties than uniformly dissolved materials [26]. Figures 4 (b), (c) and (d) show that the 
spectroscopic measurements can resolve the absorption spectra of different absorbers within 
the 500-840 nm range. Our system is capable of distinguishing between different absorbers 
within this range. The spectral bandwidth of the excitation light source has no significant 
influence on the measurements. By performing the photoacoustic measurements three times 
at the same position on the sample, an uncertainty of ~ 1-20 % has been estimated´ 
 





opinion, the phantom experiment can only prove that the system can distinguish the 
absorption spectra of the dyes, whose colors are significantly different. The color 
difference between oxygenated and deoxygenated blood is minimal compared to the 
drastic difference between red, blue and green. I would suggest the authors switch to 
a more conservative tone. 
 
We agree with the reviewer, our idea was that the ICG with different concentrations mimics 
the absorption spectra for different oxygen saturations (at a different wavelength range). But 
our previous explanations where not clear and since we are showing a measurements of 
oxygen saturation in section 3.3 anyway, we decided to remove the sentences:  
³One of the main applications of spectroscopic photoacoustic measurements is the 
determination of hemoglobin oxygen saturation. Our system uses multiple wavelengths in 
order to improve the precision of the measurement compared to dual- wavelength 
measurements.´ 
and 
³This phantom tests the system on distinguishing between different oxygen saturations.´ 
 
 
14. In the same paragraph, I do not think that there is sufficient evidence to prove that 
FRQFHQWUDWLRQ&LV³DSSUR[LPDWHO\0´DQGWKDW&LV³DSSUR[LPDWHO\0´ 
 
It is indeed correct that we can only differentiate between concentrations that differ 
significantly. The values of 6.5 µM and 65 µM are picked up from literature, only a few 
discrete values of concentrations are available for the absorption spectra. We therefore have 
changed the text (end of section 3.1): 
³To a certain extent we can distinguish between different concentrations. The sample with an 
unknown concentration C1 (respectively C2) presents an absorption spectrum similar to the 
spectrum corresponding to a concentration of 6.5 µM (respectively 65 µM)., therefore we can 
conjecture that our concentration C1 is approximately 6.5 µM. Likewise, C2 is approximately 
65 µM. This shows that we can differentiate between two different ICG concentrations within 
the same phantom.´ 
 
 
15. In Fig. 7, I want to point out that not only the normalized absorption spectra but also 
the absolute concentrations of dyes will affect the signal intensity of phantom image 
acquired with any illumination band. 
 
We agree with the reviewer that the fluctuations in intensity are due to both the differences in 
the absorption coefficient and the concentration of dye. Therefore, we re-wrote these 
sentences to make it clearer to the reader (paragraph 5, section 3.2). In the revised text, we 
want to point out that the Figure numbering has changed due to the modifications we have 
done to answer comment 1-3) of reviewer 1 and comment 10 of reviewer 2. 
³Rhodamine B has a low absorption coefficient compared to Malachite Green and ICG, and 
considering the absorption curves (refer to Fig. 5 (b), within the 50 nm band centered at 542 
nm), it can be observed in Fig. 7 (a) that the signal coming from the Malachite Green and the 
ICG. 
In Fig. 6 (d) and (g) the signals coming from Malachite Green and ICG are strong. 
Rhodamine B is strongly absorbing in the band centered at 542 nm, see Fig. 5 (b), but is not 
detected here. Therefore, we conclude that despite the large absorption of Rhodamine B in 
this band, its concentration at position 1 is too low to be detectable by the system.´ 
 
 
16. In the caption of Fig. 7, please specify which panels use 50 nm bandwidth and which 
panels use 25 nm bandwidth. 
 
We believe that there is a confusion here, Fig. 7 is a video which contains 2 images: one 
where all the 9 B-scans are acquired with 50 nm bandwidth, and the second one where all the 
9 B-scans are acquired with 25 nm bandwidth. The two images are alternating in order to see 
the differences between 50 and 25 nm bandwidth. Is this comment due to the fact that maybe 
the reviewer has not received the video supplied separately to the pdf submission? 
Because of the changes made to answer comment 1- 3) of reviewer 1 and 10 of reviewer 2, 
the numbering associated with these figures has changed and no video is presented. We 





this is not true. In the PAM image, whether hemoglobin or melanin is the stronger 
absorber is determined by concentration. 
 
We agree with this comment and have therefore changed the text: 
³In the range extending from 500 nm to 600 nm, hemoglobin is the stronger absorber while 
melanin has a stronger absorption than hemoglobin for wavelengths longer than 600 nm. For 
wavelengths longer than 600 nm, melanin is the strongest absorber (blue in Fig. 7 (e)) while 
in the range extending from 500 nm to 600 nm, hemoglobin manifest higher absorption (cyan 
and green, respectively).´ 
 
 
18. In the conclusLRQVHFWLRQWKHDXWKRUVHPSKD³WKHFDSDELOLWLHVRIWKLVV\VWHPIRUUHDO-
WLPHLPDJLQJ´+RZHYHUWKHH[SHULPHQWVGRQRWGHPRQVWUDWHDQ\DGYDQWDJHRIWKH
system in imaging speed. 
 
This is true, but unfortunately our ethics procedure prevents us from using living animals in 
our facilities where increased speed would be an advantage (<25 ms per B-scan). In principle, 
our MPAM can be performed in less than 5 min on a 500*500 volume and for 10 different 
wavelengths, which we believe to be faster than most PAM techniques. 







This manuscript discusses a multi-modal imaging device which combines optical scattering 
contrast through optical coherence tomography with optical absorption contrast through 
photoacoustics.  The key improvement presented here with respect to the large majority of 
previous efforts is that only a single illumination source is required which can provide 
tunable central wavelengths and bandwidths with sufficient power for each respective 
modality.  The authors have demonstrated the efficacy of the approach in silicon phantoms 
and in exhumed tissues.  The reviewer would recommend accepting the manuscript with the 
following comments and revisions: 
 
1. It would seem appropriate to mention this paper: 
Shu, Xiao, et al. "Single all-fiber-based nanosecond-pulsed supercontinuum source 
for multispectral photoacoustic microscopy and optical coherence tomography." 
Optics letters 41.12 (2016): 2743-2746. 
As they are presenting an extremely similar device. 
 
This paper has already been cited in reference [5]. 
  
 
2. In the introduction section you claim that this work is an extension of previous work 
from [20].  What is the extension? 
 
In [20] we reported an OCT system which was 35 times slower than that presented in this 
manuscript, and spectroscopic photoacoustic measurements on a single position of phantoms 
only, using a single bandwidth: 50 nm (in this manuscript we present up to 3 different 
bandwidths: 15, 25 and 50 nm). In this paper, OCT and PAM/MPAM have been performed at 
each lateral position of the beam on the sample. For more clarity, we changed the text 
(paragraph 3, section 1): 
³«ZDYHOHQJWKODVHUVDQGLVDQH[WHQVLRQRIRXUSUHYLRXVZRUN>@´ 
³«wavelength lasers. This paper is an extension and continuation of the preliminary OCT 
images and spectroscopic photoacoustic measurements presented in our previous work [20].´ 
 
 
3. figure 1 of this manuscript appears to be identical to figure 1c in [20]. 
 
Effectively, the figures are really similar since the only differences between the system 
presented here and that in [20] are: a different objective lens and the use of a digitizer to 
perform 3D PAM, while before we only did spectroscopic PA at a single lateral position, 
there was no lateral scanning, just an oscilloscope for detection. 
 
 
4. page 4, first column line 5.  You claim a signal attenuation of 3 dB at a depth of 1.3 
mm. In what medium? 
 
We thank the reviewer for spotting the lack of information, we have changed the text for 
more clarity (middle of paragraph 2, section 2): 
³The maximum imaging range of OCT is of 4 mm in air, with a signal attenuation of 3 dB at 
a depth of 1.3~mm an axial distance of 1.3 mm measured in air.´ 
 
 5. section 3.1 near the top; you claim that the response of the transducer scales linearly 
with the pulse energy on the sample, however this will vary based on the optical 
absorption spectrum and wavelength used. 
 
The signal amplitude measured by the transducer will vary based on the optical absorption 
spectrum and the wavelength used. However for a given absorption (corresponding to a given 
position on the sample and illuminated by a given wavelength), the transducer response is 
scaling linearly with the pulse energy on the sample. We believe that it was just a 
misunderstanding; therefore we clarified it in the text (paragraph 1, section 3.1): 
³For a given absorption of a sample, Tthe response of the transducer scales linearly with the 
pulse energy on the sample for energy values larger than 1 nJ and up to at least 100 nJ. 
Therefore wWe normalized our measurements«´ 
 
 
6. section 3.1 near middle; You say: 
" In Fig. 4 (b), (c) and (d) the photoacoustic measurements carried out with different 
bandwidths of Rhodamine B, Malachite Green and ICG respectively, are compared to 
the absorption curves taken from literature in water, ethanol or plasma [23±25], 
which have been integrated for a bandwidth of 50 nm in steps of 25 nm" 
However these are not all carried out at different bandwidths, and I am confused as to 
what you mean to say in the last part of the sentence. 
 
Similar comment to that of Reviewer 1, comment 10. See answer above. 
  
 
7. section 3.1, mid-bottom page 3;  you claim: 
"The spectral bandwidth of the excitation light source have no significant influence 
on the measurements, the differences are due to measurement uncertainties." 
Could these uncertainties be quantified and displayed in the figures? 
 
We did not measure the uncertainties on each measurement because that would have meant 
repeating the measurements at the same location of the sample. Each measurement (14 
central wavelengths) requires a relatively short period of time (~5 minutes), but due to the 
large number of measurements required to estimate the uncertainties, the overall period of 
time would be quite long. Due to the equipment we used, the procedure would be subject to 
external factors, such as thermal effects. The development of a more automated process 
would be necessary. However by performing each measurement 3 times in each case, we 
estimated that the uncertainties on the normalized curves are in the order of 1-20 %. We 
preferred to not include the uncertainties on the graphs since they are not exact values. We 
however included some clarification in the text (end of paragraph 1, section 3.1): 
³The spectral bandwidth of the excitation light source has no significant influence on the 
measurements., the differences are due to measurement uncertainties. By performing the 
photoacoustic measurements three times at the same position on the sample, an uncertainty of 
~ 1-20 % has been estimated´ 
 
 
8. section 3.1, mid-bottom page 3;  you claim: 
"we conjecture that this is due to the influence of silicone on the dye absorption, the 
medium used to dissolve absorbers influences the spectral absorption." 
If the same medium is used for all data presented in figures 4b through 4e should 
they not share some characteristic region of the spectrum?  In that they share a 
common region of absorption. 
 
Silicone does not absorb in the 500-840 nm range, so we should not expect a region of 
stronger absorption due to the presence of silicone in our phantoms. When performing PA 
imaging on silicone alone (over a wavelength range of 500-840nm), no signal is detected. 
The absorption spectra of ICG have a different absorption spectrum depending on the solvent. 
Therefore we conjecture that the absorption spectra of the different dyes in our silicone 
phantoms are broader than when dissolved in water, ethanol and plasma.  
Since our original manuscript submission, we have discussed our findings with colleagues 
from our Chemistry department. They confirmed that it could be an explanation but they have 
also suggested that it can come from the aggregates. Aggregates have different properties 
than when properly dissolved. Effectively it can be observed in Fig. 4 (a) that the dyes form 
aggregates in the silicone. 
We therefore changed the text (end of paragraph 1, section 3.1): 
³The spectra of Malachite Green and ICG measured are broader and flatter than found in the 
literature. We conjecture that this is due to the influence of silicone on the dyes absorption 
and/or due to the fact that in our phantoms, the dyes aggregate in the silicone, as observed in 
Fig. 4 (a). Aggregates have different properties than uniformly dissolved materials [26]. the 
medium used to dissolve absorbers influences the spectral absorption.´ 
  
 
9. Your data for literature values of ICG for 65 uM in figures 4d and 4e appear to be 
different? 
 
We thank the reviewer for spotting the omission. This is absolutely correct, in Fig. 4(e) we 
have used 15 nm bandwidths throughout as we were studying the influence of the 
concentration. We forgot to mention it in the text, therefore it is now corrected (paragraph 2, 
section 3.1): 
³Figure 4 (e) shows the spectroscopic photoacoustic measurements, performed every 25 nm 
with a bandwidth of 15 nm, at two different positions of the ICG sample, which correspond to 
two different unknown concentrations (C1 and C2). The ICG absorption spectrum depends 
on the concentration. In Fig. 4 (e) three different absorption curves of ICG corresponding to 
three ICG concentrations in water from literature [25] are represented (integrated over 15 nm-
wide bands)´ 
We changed as well the legend and caption of Figure 4 (e): 
³(e) ICG for different concentrations with 15 nm bandwidth.´ 
  
 
10. It is difficult to determine how the data presented in figure 7 relates (in terms of 
location) to the data presented in figure 6.  Perhaps it would be helpful to more 
explicitly show either the locations of the scans relative to the phantom (as in figure 
6a, 6b) or even show them co-registered with the OCT results in a different colormap 
(such as OCT in gray, and PA in a red overlay).  Perhaps applying some post 
processing to correct for this curving effect would be beneficial here.  As well, rather 
than presenting the respective photoacoustic images for each wavelength it may be 
interesting to perform a spectral unmixing on the data sets.  This could potentially 
give improved justification for claiming different species in the same illuminated 
regions (such as figure 7a where you claim I and M separately in the same region). 
 The reviewer 1 suggested to present PAM maximum amplitude projections in order to obtain 
more information. The reviewer 2 suggested to overlay OCT and PAM together. We really 
appreciate the advice given by both reviewers. Therefore, we modified Figures 5, 6 and 7. 
We combined as well Figures 5 and 6 (to avoid to repeat the Figure 5(a) and 6(a)). The 
numbering of the following figures has therefore changed as well (i.e. Fig. 7 became Fig. 6, 8 
became 7 and 9 became 8). 
We have modified the color of the graphs of Fig 4 and 5 (b) to correspond to the new colors 
used in the PAM images of Fig. 5 and 6 (red, blue, green). Red corresponds to the band 
centered at 542 nm, blue 616 nm and green 800 nm. Therefore the overlay of red and blue is 
purple and the overlay of blue and green is cyan. 
The captions have been updated. 
The text of section 3.2. has been considerably changed to accommodate the new Figures, see 
changes below. The text in bold corresponds to text that was already part of the previous 
version of the paper but was moved from another position in the text: 
 
³In-vitro imaging capabilities of the bimodal OCT-MPAM system were tested on a silicone-
based sample consisting of the three dyes mentioned above. Figure 5 (a) shows a microscope 
view of the sample, where the Malachite Green is situated below the Rhodamine B and the 
ICG. It should be noticed that the concentration of dyes within the sample is not uniform and 
aggregates formed. This is important to retain for the later interpretation of PAM signals from 
different parts of the sample, as labelled by 1,2,3. and Figure. 5 (b) shows the absorption 
spectra measured in Section 3.1 corresponding to the three different dyes. PAM has been was 
performed on the silicone-based sample by using at three consecutive different wavelengths: 
542 nm, 616 nm, and 800 nm using with a bandwidth of 50 nm in each case. The influence of 
the bandwidth has also been studied by doing the same measurements with a reduced 
bandwidth of 25 nm. The total area scanned by both modalities is 2.5 mm x 2.5 mm and 
consists of 500 x 500 A-scans. The OCT images presented in Fig. 6 correspond to the sample 
without water, while for PAM water has been introduced to couple the ultrasound waves to 
the transducer. No post-processing has been applied to the OCT images. For PAM, eEach 
A-scan is the envelope of the acoustic signal detected, no further processing has been 
performed. Therefore, the B-scans appear curved. The detection configuration used for 
PAM induces a curvature in the PAM B-scans. The travelling time to the transducer from 
a point in the center of the sample is shorter than the travelling time from an off-axis 
point. A linear deformation is observed forin the other lateral direction slow scanning axis 
since the transducer is situated close to the edge at one end of the sample. The travelling 
time of the acoustic wave from a point on a sample at the opposite edge situated at the 
other end is longer than that from a point close to the edge where of the one closer to the 
transducer is positioned. We corrected for these deformations and adjusted the contrast of 
the images to offer a better representation to the reader. 
 
Figure 56 (cb) is the summed voxel projection of the OCT for all depths (3 mm in air). Figure 
56 (dc) represents the superposition of is the en-face OCT image corresponding to a single 
depth (of at 1.1 mm measured in air) as indicated in Fig. 6 (be), with the PAM maximum 
amplitude projections taken at 542 nm, 616 nm and 800 nm for bandwidths of 50 nm. The 
OCT is represented in gray scale while the red corresponds to PAM with the band centered at 
542 nm, blue at 616 nm and green at 800 nm. Purple results from superposition of red and 
blue colors corresponding to the overlay of PAM signals at 542 nm and at 616 nm, cyan 
results from superposition of blue and green corresponding to an overlay of PAM signals at 
616 nm and 800 nm. Figure 5 (e) corresponds to the same PAM images employing a 
bandwidth of 25 nm, to narrow the spectral excitation. 
B-scans images represented in Fig. 6 (d), (e) and (f) correspond to the positions indicated in 
Fig. 6 (b). B-scan images in columns 1, 2 and 3 of Fig. 6 are collected at different lateral 
positions indicated respectively by the lines 1, 2 and 3 over the Fig. 5 (a). No post-
processing has been applied to the OCT images Figures 6 (a-c) represent the OCT B-scans; 
the bright vertical lines are due correspond to camera saturation induced by strong due to the 
direct reflection of the light from the sample. Figures 6 (d-f) show the PAM B-scans obtained 
for a bandwidth of 50 nm, and Fig. 6 (g-i) for a bandwidth of 25 nm. The B-scans 
corresponding to each band have been overlaid with the same color code used in Fig. 5 (d) 
and (e): red for 542 nm, blue for 616 nm and green for 800 nm.  
 
OCT is a suitable tool to image the sample structure, however its limitations can be seen in 
Fig. 6 Fig. 5 (c-e) and Fig. 6 (a-c), where the different absorbers cannot be differentiated 
because of their similar structure and index of refraction. MPAM provides additional 
functionality to the system by allowing differentiation between absorbers. 
 
We performed PAM at the same position with three different wavelengths, but this can be 
extended to more wavelengths if necessary. Each A-scan is the envelope of the acoustic 
signal detected, no further processing has been performed. Therefore, the B-scans 
appear curved. The travelling time to the transducer from a point in the center of the 
sample is shorter than the travelling time from an off-axis point. A linear deformation is 
observed for the slow scanning axis since the transducer is situated at one end of the 
sample. The travelling time of a point on a sample situated at the other end is longer 
than that of the one closer to the transducer position. 
 
Figure 7 shows the B-scans obtained for a bandwidth of 50 nm for each of the three spectral 
bands. The video of Fig. 7 illustrates the B-scans obtained for a bandwidth of 25 nm. The 
different absorbers are indicated by the arrows. Rhodamine B has a low absorption 
coefficient compared to Malachite Green and ICG, and considering the absorption curves 
(refer to Fig. 5 (b), within the 50 nm band centered at 542 nm), it can be observed in Fig. 7 
(a) that the signal coming from the Malachite Green and the ICG. 
In Fig. 6 (d) and (g) the signals originating from Malachite Green and ICG are strong. 
Rhodamine B is strongly absorbing in the band centered at 542 nm but is not detected here. 
Therefore, we conclude that despite the large absorption of Rhodamine B in this band, its 
concentration at position 1 is too low to be detectable by the system. In Fig. 67 (eb), (f), (h) 
and (ic) we can observe as expected the Rhodamine B, and additionally some artefacts in Fig. 
67 (fc) and (i) corresponding to an air bubble in the sample that can be seen in Fig. 5 (a) and 
in the OCT B-scan in Fig. 6 (cf). Because the excitation band centered at 616 nm overlaps 
with the wing of the absorption spectrum of the ICG absorption spectrum extending from its 
central peak at 800 nm, areas of high ICG concentration contribute to absorption at 616 nm, 
and generate a PAM signal. Superposition of green (PAM signal due to absorption at 800 nm) 
and of blue (PAM signal due to absorption at 616 nm) leads to the cyan colored areas 
displayed in Fig. 5 (d). Figure 7 (d) clearly shows the position of the Malachite Green, but 
because of the overlapping of the bandwidth at 616 nm with the absorption spectrum of 
Rhodamine B and ICG, they can also be observed in Fig. 7 (d), (e) and (f). Figures 7 (g), (h) 
and (i) clearly show the ICG, tThe 50 nm bandwidth centered at 800 nm does not present any 
overlapping with the other two absorbers dyes absorption spectra, as observed in Fig. 5 (b). 
Therefore, as expected, in Fig. 5 (d) and (e) and in Fig. 6, only ICG contributes to a PAM 
signal when excited with the band centered at 800 nm. The signals are discontinuous because 
of the nature of the sample, iIt can be observed seen in Fig. 5 (a) that the dyes are forming 
aggregates within the silicone, that leads to variation of concentration and consequently of the 
OCT and PAM signal across the sample. This is observed in the PAM and OCT images in 
Fig. 5 and 6. In addition, a shadow can be observed in depth due to the signal generated by 
the transducer. As expressed previously, no processing has been applied to the images. 
 
This combined OCT-MPAM system offers complementary information and gives functional 
information from a single the sample, and allows distinction between different absorbers 
within the 500-840 nm range. In order tTo distinguish more accurately between the different 
absorbers, additional spectral bands more wavelengths can be used as well as reducing the 
bandwidth of the excitation beam. However, reducing the bandwidth leads reduces also to a 
lower the energy on sample and therefore the detected signal becomes weaker and the 
effective imaging area range is further limited. We repeated the performed MPAM with a 
bandwidth of 25 nm. The images obtained are presented in comparison to the ones 
corresponding to a bandwidth of 50 nm in the video of Fig. 7. A weak signal is collected from 
the sample edges, as observed in Fig. 7 (c), (f) and (i). However, in Fig. 57 (ea) and Fig. 6 (g-
id), the overlapping of the 25 nm bands due to adjacent absorbers is still less observed than 
with the 50 nm bands (Fig. 5 (d)). Reducing the bandwidth gives more accurate spectral 
characterization of the absorber at the cost of a narrower field of view since the energy on 
sample is reduced. The use of more wavelengths would therefore be more suitable to improve 
the accuracy of the measurements determination of the oxygen saturation.´ 
  
 
11. section 3.3, bottom page 6;  you claim: 
"Since these measurements have been performed in-vitro, only a single blood vessel 
is imaged." 
Why is this? 
 
For more clarity, we modified the text (beginning of paragraph 1, section 3.3): 
³We present here the images generated from a mouse ear in-vitro. Since these measurements 
have been performed in-vitro, only a single blood vessel is imaged. Images of blood vessels 
were taken from an excised mouse ear. Given the nature of the in-vitro preparation we were 
only able to successfully image lager capillaries due to the likely collapse of the smaller 
vascular tubular networks which are typically present in the ear.´ 
 
 
12. section 3.3, bottom of page 6, column 2 you claim: 
"Figure 9 (b) represents the theoretical amplitude of the photoacoustic signal for 
melanin and for hemoglobin with 80 % of oxygen saturation" 
Why did you select 80% SO2? If this is excised tissue this seems quite high. Again, 
you appear to have sufficient data to perform spectral unmixing which may be more 
enlightening to the performance of system then the data presented figure 9b. 
 
We selected 80 % because this is the value that best correlates with our measurements (+/- 5 
%). In order to clarify this point, we have reorganized the text, see modifications bellow 
(bold text corresponds to text that has been moved from one position to another). 
80 % may be a high value but we believe that since the ear has been excised, the blood vessel 
is oxygenated by the air surrounding it, and therefore the coagulated blood has a quite high 
oxygen saturation. We made the same observation with Xiao Shu when we performed the 
spectroscopic PA on bovine blood, where a drop of blood was left in air, and 95 to 100% 
oxygen saturation has been measured [5]. 
 
In the continuation of the reviewer suggestion, we overlaid the B-scan OCT image with the 
PAM B-scan image (at 550 nm, 50 nm bandwidth) in order to show the position of the blood 
vessel in both modalities. In the first submission we presented PAM B-scan images for the 
three bands: 500-840 nm, 500-600 nm and 600-840 nm, in order to show the difference 
between melanin and blood. To explain better how to distinguish between melanin and 
hemoglobin we kept only the PAM B-scans for the two bands: 500-600 nm and 600-840 nm. 
They have been overlaid by using a color map (green and blue, respectively). 
The reviewer suggested to perform spectral unmixing, however since the blood has 
coagulated, no variations in the oxygen saturation is observed. Therefore the blood vessel 
will have a uniform color. 
Fig. 8 has been renumbered to Fig. 7 in the revised version. 
We have changed the text in paragraph 1 of section 3.3 as EHORZWRDQVZHUWKHUHYLHZHU¶V
comment and to reflect the revised Figures: 
 
³Images of blood vessels were taken from an excised mouse ear. Given the nature of the in-
vitro preparation we were only able to successfully image lager capillaries due to the likely 
collapse of the smaller vascular tubular networks which are typically present in the ear. We 
present here the images generated from a mouse ear in-vitro. Since these measurements have 
been performed in-vitro, only a single blood vessel is imaged. Figure 78 shows the images 
generated by OCT and MPAM. PAM has been registered for multiple bands: first with bands 
extending from 500 nm to 840 nm, from 500 nm to 600 nm, then and from 600 nm to 840 
nm, then for different central wavelengths: 530, 550 and 580 nm, in each case with a 
bandwidth of 50 nm. Figure 7 (a) represents the OCT summed voxel projection, with the 
pigmentation of melanin as well as some glands being observed. A large blood vessel is 
imaged by PAM in Fig. 7 (b), using the PAM maximum amplitude projection at 550 nm with 
a bandwidth of 50 nm. The OCT B-scan, shown in Fig. 78 (ca), demonstrates the different 
layers of the mouse ear and the a large blood vessel in the middle; this blood vessel can also 
be observed in Fig. 8 (b), which represents the summed voxel projection of PAM images. The 
presence of the blood vessel is confirmed in Fig. 7 (d) that represents the overlay of the OCT 
B-scan and the PAM B-scan taken from Fig. 7 (a) and (b), respectively, at the position 
indicated by the line. The absorption of the skin (melanin) can also be observed too with 
PAM depending on the wavelength range used. Figure 89 (a) shows the absorption 
coefficients of oxygenated and deoxygenated hemoglobin [27] (HbO2 and Hb) and melanin 
[28] over our spectral range of interest: 500-840 nm. Hemoglobin and melanin, the two main 
constituents of our in-vitro sample, absorb strongly in our region of interest. This is observed 
in Fig. 78 (ec). which represents the colored overlay of PAM B-scans taken for the 500-600 
nm band (green) and for the 600-840 nm band (blue). Cyan results from a superposition of 
green and blue corresponding to an absorption in both bands (i.e. melanin, see Fig. 8 (a)). For 
wavelengths longer than 600 nm, melanin is the strongest absorber (blue in Fig. 7 (e)) while 
in the range extending from 500 nm to 600 nm, both melanin and hemoglobin manifest 
absorption (cyan and green, respectively). In the range extending from 500 nm to 600 nm, 
hemoglobin is the stronger absorber while melanin has a stronger absorption than hemoglobin 
for wavelengths longer than 600 nm. That is clearly observed in Fig. 8 (d) and (e). 
Furthermore, we have studied the main region of interest for blood (500-600 nm). Figures 78 
(f), (g) and (h) represent the PAM B-scans for a central wavelength of 530, 550 and 580 nm 
respectively. In Fig. 89 (b), the experimental data (black circles) are presented: 
superimposed with the theoretical values. Ffor each wavelength, the maximum 
amplitude of the B-scan is taken and normalized over the maximum obtained; 
corresponding to the value at 550 nm. Figure 89 (b) represents tThe theoretical amplitudes 
of the expected photoacoustic signals for melanin and for hemoglobin are superposed to the 
experimental values in Fig. 8 (b)with 80 % of oxygen saturation. We took into consideration 
the amount of energy incident on the sample as a function of the central wavelength to 
normalize our absorption coefficients. In addition, for each absorber, we normalized these 
values over their maxima. In Fig. 78 (f), (g) and (h) we should expect similar signal 
amplitude for the melanin layer (horizontal line) at each of the three wavelengths. The data 
set corresponding to a theoretical oxygen saturation of 80 % has been found to be the best 
match to the experimental values. The blood vessel imaged here presents an oxygen 
saturation of approximately 80 % ± 5 %. and, for the blood vessel the maximum amplitude is 
observed at 550 nm, Fig. 78 (g), and the minimum at 530 nm, Fig. 78 (f). These expectations 
are confirmed with our observations. In Fig. 89 (b), the experimental data are 
superimposed with the theoretical values. For each wavelength, the maximum 
amplitude of the B-scan is taken and normalized over the maximum; corresponding to 
the value at 550 nm. The blood vessel present in this B-scans has an oxygen saturation of 
approximately 80 %.´ 
  
 
13. conclusion you claim: 
"The capabilities of this system for real-time imaging were demonstrated on several 
samples, in-vitro" 
Where do you discuss the frame acquisition and processing time?  As well, how is 
real-time capture achieved if a water bath is necessary for photoacoustic imaging and 
the sample must be in air for OCT? 
 
Similar to comment 18 of Reviewer 1. 
It is true that PAM and OCT imaging are not performed simultaneously in this paper. For 
PAM, water is used to couple the acoustic wave to the transducer. OCT could be performed 
in water, but the increased absorption of water at 1300 nm affects the image contrast and 
additional dispersion is introduced.  
What we meant here is that each modality on its own offers real time imaging (one at a time). 
A new B-scan is generated every 50 ms (20 Hz), which we consider as real time (video rate 
50 Hz). The processing time depends on the computer used. We commented in section 2, 
paragraph 2 about the acquisition time, and changed the sentence in the conclusion: 
³The supercontinuum source operates at a pulse repetition frequency of 20 kHz and the line 
camera of the spectrometer is synchronized with the source in order to secure a pulse per 
integration time (50 µs) and thus per A-scan. Therefore a B-scan frame rate of 20 Hz (500 A-
scans) is achieved regardless of the imaging modality employed.´ 
³The capabilities of each modality this system for real-time imaging were demonstrated on 
several samples, in-vitro´ 
 
 
14. What type of sensitivity does the system have? Signal-to-noise of final data, noise-
equivalent-pressure of the transducer etc. 
 
Unfortunately our supplier (the University of Southern California) does not know the noise-
equivalent-pressure of the transducer, and we do not have the equipment to measure it at our 
facilities. 
In the text, we introduced the signal to noise ratio (SNR) of the images presented here. The 
All OCT images presented in the paper have a SNR of around 35 dB, while the PAM images 
present a SNR of 20-30 dB, depending on the intensity of the signal detected.  
We specified these values in the text, in section 2 (Material and methods), last sentence of 
paragraph 2. 
³The OCT images presented here exhibit a signal-to-noise ratio of ~ 35 dB (system 
sensitivity: 65 dB), while a signal-to-noise ratio of 20-to-30 dB is measured on PAM images, 
depending on the intensity of the signal detected.´ 
 
Multispectral photoacoustic microscopy and optical coherence tomography using a single
supercontinuum source
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Abstract
We report on the use of a single supercontinuum (SC) source for multimodal imaging. The 2-octave bandwidth (475-2300 nm)
makes the SC source suitable for optical coherence tomography (OCT) as well as for multispectral photoacoustic microscopy
(MPAM). The IR band centered at 1310 nm is chosen for OCT to penetrate deeper into tissue with 8 mW average power on the
sample. The 500-840 nm band is used for MPAM. The source has the ability to select the central wavelength as well as the spectral
bandwidth. An energy of more than 35 nJ within a less than 50 nm bandwidth is achieved on the sample for wavelengths longer
than 500 nm. In the present paper, we demonstrate the capabilities of such a multimodality imaging instrument based on a single
optical source. In-vitro mouse ear B-scan images are presented.
Keywords: multimodal imaging, multispectral imaging, photoacoustic, optical coherence tomography, supercontinuum
1. Introduction
Optical coherence tomography (OCT) and photoacoustic
microscopy (PAM) provide complementary contrasts, which
can be combined to benefit biomedical research and preclinical
studies. OCT allows structure reconstruction via backscattered
signal due to the scattering properties of the sample being
investigated. PAM is based on tissue absorption properties by
optical excitation and ultrasonic detection. Both techniques
offer real-time and non-invasive imaging. Combined OCT-
PAM systems have already been reported for a wide range of
applications such as dermal or retinal imaging [1–5].
In most of the previous work carried out on bimodal
OCT-PAM, two different light sources are used to accom-
modate the requirements of each modality. OCT employs
broadband light sources, the most common of these being
super-luminescent diodes (SLD). Recent developments of
low noise supercontinuum sources (NKT Photonics A/S)
made such sources attractive to ultra-high resolution OCT
[6] as well as visible OCT [7, 8] since they offer a spectral
range from 475 nm to 2300 nm. No other light source can
cover such a wide bandwidth. PAM typically requires a light
source with a pulse duration of a few nanoseconds because of
thermal and stress confinement of the excitation beam in the
sample. PAM commonly uses single-wavelength lasers as the
excitation source, such as Nd:YAG lasers at 1064 nm [9] or its
frequency-doubled counterpart at 532 nm [10], or dye lasers
[11]. In order to perform multispectral PAM (MPAM), one can
use multiple lasers [12], optical parametric oscillators [13] (at
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the cost of price and speed), stimulated Raman scattering fiber
lasers [14, 15] (discrete wavelengths with limited choice) or
supercontinuum sources [5, 16, 17] (wide wavelength range
with limited energy). Previously reported supercontinuum
sources for MPAM delivered too little energy per pulse to
image biological samples [16, 17], more than 50 nJ within a
bandwidth of less than 50 nm is typically required. Preliminary
work targeting the enhancement in the pulse energy of super-
continuum sources (> 100 nJ) has been reported [18, 19].
Here a commercial supercontinuum source from NKT
Photonics A/S (SuperK Compact) that offers more than 35 nJ
per bandwidth of less than 50 nm over a broad wavelength
range extending from 500 nm to 800 nm is used. The source
is cost effective, compact and reliable. In addition, such a
source can be used for OCT and can offer high resolution due
to the large optical bandwidth available. To our knowledge,
this is the first report on a combined OCT-MPAM system
that offers fast volumetric imaging as well as spectroscopic
measurements within a wide range of wavelengths covering the
visible and extending from 500 nm to 840 nm with comparable
energy to those of single wavelength lasers. This paper is an
extension and continuation of the preliminary OCT images and
spectroscopic photoacoustic measurements presented in our
previous work [20]. Visible light is used in this paper because
we intend to target hemoglobin, which absorbs mainly between
500 nm and 600 nm. This is the most imaged absorber for
PAM, reported for MPAM alone [17] or combined with the
structural information of OCT [1–5].
After some primary work to illustrate the system capabili-
ties, we present in Section 3.3 in-vitro images of a mouse ear.
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The determination of hemoglobin oxygen saturation is of great
interest, and due to the multispectral capabilities of the sys-
tem, we are able to estimate the oxygen saturation of the blood
present in the mouse ear.
2. Material and methods
Figure 1: Schematic of the combined OCT-MPAM system. C: 50/50 coupler,
DM: dichroic mirror, LP: longpass filter, M: mirror (OCT reference arm), Obj:
objective lens, PC: polarisation controller, RC: reflective collimators.
Figure 1 represents the schematic of the experimental
set-up. The supercontinuum source (Compact, NKT Photonics
A/S) is used in combination with a dual band filter (VARIA,
NKT Photonics A/S) which splits the spectrum into a short
wavelength band and an IR band. The short wavelength
band, covering a broad range from 450 nm to 840 nm, is
used for MPAM. The filter selects a central wavelength and
a bandwidth within this range, which can be tuned over time
(the switching time between two spectral ranges is less than
5 s). Figure 2 (a) shows the transmission of the filter depending
on the bandwidth and Fig. 2 (b) the energy on sample for
different central wavelengths and bandwidths. The IR band
covers an ultra-broad range extending 850 nm to 2300 nm. The
short wavelength band and the IR band are fiber-delivered to
facilitate the implementation of the combined system (Connect
FD7 non-PM and FD5 non-PM respectively, NKT Photonics
A/S). A 50/50 fiber coupler is used for the interferometer
(TW1300R5A2, Thorlabs) with a polarization controller in
the reference arm only. The FD5 fiber and the coupler are
working as bandpass filters. However due to the presence of
supercontinuum pump power at 1060 nm, further filtering is
required, which is achieved by using a longpass optical filter
with a cut-off wavelength of 1150 nm (FEL1150, Thorlabs) po-
sitioned between the VARIA box and the Connect FD5 (using
a custom accessory). Thus, a spectrum centered at 1310 nm
for the OCT channel with a power of 8 mW on the sample is
achieved. Silver-coated reflective fiber collimators are used to
ensure achromaticity. In the sample arm, the two beams, used
for OCT and PAM, are both conveyed via a dichroic mirror
(DMLP950, Thorlabs), then reflected by two galvo-scanners
that allow raster scanning of the sample in the lateral directions
(a)
(b)
Figure 2: Visible channel of the system with: (a) the transmission through the
VARIA depending on the bandwidth and (b) the energy per pulse measured on
the sample for different central wavelengths and bandwidths.
(6220H, Cambridge Technology). The scanners limit the beam
diameters to a maximum of 5 mm, therefore ∼ 4 mm beams
are used in the sample arm, determined by the numerical
aperture of the optical fibers and the focal length of the
collimators (RC04APC-01, Thorlabs). A different collimator
(RC08APC-01, Thorlabs) has been used in the reference
arm of the OCT channel because of availability. However
the same collimator could have been used in both arms. An
uncoated lens (LA1027, Thorlabs) focuses the two beams
on the sample. A 3D translation stage supports the sample
horizontally and facilitates its alignment. In terms of detection,
the OCT bandwidth is limited to 90 nm by our in-house built
spectrometer, which consists of a diffraction transmission
grating (HP 1145 l/mm @ 1310 nm, Wasatch Photonics) and
a line scan camera (SU1014-LDHI.7RT-0500/L, Goodrich).
Figure 3 shows the spectrometer readout when signal from the
reference arm is applied only. An IMAQ board (PCI-1428,
National Instruments) is used for the OCT detection channel.
The photoacoustic signal is detected through water by a
customized unfocused needle ultrasonic transducer (40.3 MHz
center frequency, 90 % bandwidth at -6 dB, 0.4 mm diameter
active element, University of Southern California). The electric
signal hence generated is then amplified (ZFL-500LN+, Mini
Circuits) and either digitized at a sampling rate of 200 MHz
(PCI-5124, National Instruments) or read by the oscilloscope
for the measurements presented in Section 3.2.
2
Figure 3: Spectrum recorded by the in-house built spectrometer corresponding
to the reference arm of the system only.
Assuming a Gaussian-shaped source spectrum, the 90 nm
bandwidth of the spectrometer determines a theoretical axial
resolution in air of 8.4 μm, in the OCT channel. However,
experimentally, an axial resolution of 12.3 μm was measured
with no apodization of the channeled spectra, and 17 μm when
applying a Hamming window (usually employed for filtering
fast transitions). The axial resolution of PAM is determined
by the bandwidth of the transducer: 36 MHz, which gives a
theoretical axial resolution of 32 μm. We obtained an experi-
mental axial resolution of approximately 34 μm by measuring
the width of the A-scan peak corresponding to the chrome
layer of an USAF target (< 1 μm). By imaging the USAF
target, we measured the experimental lateral resolution of both
modalities. The lateral resolution is slightly dependent on the
wavelength; a theoretical lateral resolution of 4 μm to 7.5 μm
is calculated for wavelengths covering the 450 nm to 840 nm
wavelength range, and 8.5 μm for the OCT at 1310 nm. We
could resolve element 4 from group 6 with OCT, corresponding
to a lateral resolution of 10.1 μm. The experimental lateral
resolution of PAM is 8.76 μm measured at 600 nm (5.35 μm
theoretical). The maximum imaging range of OCT is of 4 mm
in air, with a signal attenuation of 3 dB at an axial distance of
1.3 mm measured in air. The supercontinuum source operates
at a pulse repetition frequency of 20 kHz and the line camera
of the spectrometer is synchronized with the source in order
to secure a pulse per integration time (50 μs) and thus per
A-scan. Therefore a B-scan frame rate of 20 Hz (500 A-scans)
is achieved regardless of the imaging modality employed.
The signal generated by the transducer is also synchronized
with the excitation pulse; therefore simultaneous OCT-PAM is
achieved. However, since PAM detection requires a medium to
couple the ultrasound waves, such as water, the absorption at
1310 nm of water limits the OCT capabilities. To demonstrate
the maximum capabilities of each imaging modality, for the
results presented here, we acquired images with each modality
sequentially. No averaging and no post-processing have been
applied to images or measurements. To produce the OCT
images the complex master slave (MS) method [21, 22] was
used. This technique presents the advantage of being tolerant
to dispersion left unbalanced in the interferometer and does not
require data to be resampled. Moreover, it delivers an absolute
value for the axial path in air, allows coherence-limited
resolution without any further signal conditioning and can
give direct access to any number of en-face images without
requiring to produce the entire OCT volumetric image first.
The PAM A-scan is taken as the amplitude envelope of the
photoacoustic signal. The OCT images presented here exhibit
a signal-to-noise ratio of ∼ 35 dB (system sensitivity: 65 dB),
while a signal-to-noise ratio of 20-to-30 dB is measured on
PAM images, depending on the intensity of the signal detected.
To create a phantom with structural information and absorp-
tion contrasts that shows the capabilities of our OCT-MPAM
system, three different dyes with an absorption spectrum in the
visible are mixed with “silicone” (3140 RTV Coating, Dow
Corning). The three dyes are Rhodamine B (Flinn Scientific)
that has an absorption peak at 542.8 nm, Malachite Green
(Sigma-Aldrich) with a peak at 616 nm, and Indocyanine Green
(ICG) (Akorn) with a peak at 695 nm and/or 780 nm depending
on the concentration. We present images and hemoglobin oxy-
gen saturation measurements from an in-vitro mouse ear to il-
lustrate the system’s potential for biological tissue. Animal tis-
sue was obtained from C57BL/6J mice purchased from Charles
River Laboratories (Margate, UK). Mice were humanely culled
in accordance with the UK Home Office guidelines and follow-
ing approval by the University of Kent’s animal welfare ethics
committee prior to ear tissue removal.
3. Results and discussion
We present spectroscopic photoacoustic measurements for
different samples offering different absorption spectra in the
visible as well as OCT-MPAM for different in-vitro samples:
synthetic phantoms and a mouse ear.
3.1. Spectroscopic photoacoustic
To demonstrate the spectroscopic capabilities of our visible
photoacoustic system, measurements were made at a single
position of a silicone-dye sample, as shown in Fig. 4 (a). An
oscilloscope was used to register the amplitude of the acoustic
pulse for each wavelength. For a given absorption of a sample,
the response of the transducer scales linearly with the pulse
energy on the sample for energy values larger than 1 nJ and up
to at least 100 nJ. Therefore we normalized our measurements
over the energy on the sample since this parameter varies
with the wavelength. In addition, for each dye, the absorption
curve has been normalized to its maximum value, therefore we
are not presenting any quantitative measurements in terms of
concentration here, but simply the absorption spectra. We have
also studied the effect of the bandwidth (linked to the energy)
on the accuracy of spectroscopic measurements, employing
15 nm, 25 nm and 50 nm bandwidths. This study was done
only with Malachite Green and ICG. In Fig. 4 (b), (c) and
(d) the photoacoustic measurements carried out with different
bandwidths of Rhodamine B, Malachite Green and ICG re-
spectively, are compared to the absorption curves adapted from
literature in water, ethanol and plasma, respectively [23–25].





Figure 4: (a) Photo of the three different samples, with microscopic image by reflection, scale bars 1 mm. Absorption spectrum adapted from the literature and
inferred via photoacoustic measurements for different bandwidths (15, 25 and 50 nm) of (b) Rhodamine B, (c) Malachite Green, (d) Indocyanine Green (ICG) (with
literature corresponding to a concentration of 65 μM) and (e) ICG for different concentrations with 15 nm bandwidth.
retrieved from references [23–25]. These have been integrated
over a specific bandwidth (15, 25 or 50 nm) in steps of 25 nm
in order to ensure a fair comparison between our photoacoustic
measurements and the literature for each of the absorbers. The
absorption spectrum depends on the media the dye has been
diluted into; in our case no literature reference is available for
silicone. The spectra of Malachite Green and ICG measured
are broader and flatter than found in the literature. We con-
jecture that this is due to the influence of silicone on the dyes
absorption and/or due to the fact that in our phantoms, the dyes
aggregate in the silicone, as observed in Fig. 4 (a). Aggregates
have different properties than uniformly dissolved materials
[26]. Figures 4 (b), (c) and (d) show that the spectroscopic
measurements can resolve the absorption spectra of different
absorbers within the 500-840 nm range. Our system is capable
of distinguishing between different absorbers within this range.
The spectral bandwidth of the excitation light source has no
significant influence on the measurements. By performing the
photoacoustic measurements three times at the same position
on the sample, an uncertainty of ∼ 1-20 % has been estimated.
Figure 4 (e) shows the spectroscopic photoacoustic measure-
ments, performed every 25 nm with a bandwidth of 15 nm, at
two different positions of the ICG sample, which correspond to
two different unknown concentrations (C1 and C2). The ICG
absorption spectrum depends on the concentration. In Fig. 4 (e)
three different absorption curves of ICG corresponding to three
ICG concentrations in water from literature [25] are represented
(integrated over 15 nm-wide bands). The sample with an un-
known concentration C1 (respectively C2) presents an absorp-
tion spectrum similar to the spectrum corresponding to a con-
centration of 6.5 μM (respectively 65 μM). This shows that
we can differentiate between two different ICG concentrations





Figure 5: (a) Sample under the microscope (x50) with Rhodamine B (R), Mala-
chite Green (M) and ICG (I), (b) absorption spectra of the three dyes replicated
from Fig. 4 (a-c) in relation to the spectral bands to be used for MPAM excita-
tion, of 25 and 50 nm width (shown by coloured bars), (c) OCT summed voxel
projection along axial direction for 3 mm in air, (d) superposition of en-face
OCT at position marked in Fig. 6 (b) (grey) and PAMmaximum amplitude pro-
jections at 542, 616 and 800 nm with 50 nm bandwidth (red, blue and green,
respectively) and (e) superposition of en-face OCT and PAM maximum ampli-
tude projections with 25 nm bandwidth. Scale bars 500 μm.
In-vitro imaging capabilities of the bimodal OCT-MPAM
system were tested on a silicone-based sample consisting of the
three dyes mentioned above. Figure 5 (a) shows a microscope
view of the sample, where the Malachite Green is situated
below the Rhodamine B and the ICG. It should be noticed that
the concentration of dyes within the sample is not uniform
and aggregates formed. This is important to retain for the
later interpretation of PAM signals from different parts of the
sample, as labelled by 1,2,3. Figure 5 (b) shows the absorption
spectra measured in Section 3.1 corresponding to the three
different dyes. PAM was performed on the silicone-based
sample at three different wavelengths: 542 nm, 616 nm,
and 800 nm using a bandwidth of 50 nm in each case. The
influence of the bandwidth has also been studied by doing the
same measurements with a reduced bandwidth of 25 nm. The
total area scanned by both modalities is 2.5 mm x 2.5 mm and
consists of 500 x 500 A-scans. The OCT images correspond
to the sample without water, while for PAM water has been
introduced to couple the ultrasound waves to the transducer. No
post-processing has been applied to the OCT images. For PAM,
each A-scan is the envelope of the acoustic signal detected.
The detection configuration used for PAM induces a curvature
in the PAM B-scans. The travelling time to the transducer
from a point in the center of the sample is shorter than the
travelling time from an off-axis point. A linear deformation is
observed in the other lateral direction since the transducer is
situated close to the edge of the sample. The travelling time
of the acoustic wave from a point on a sample situated at the
opposite edge is longer than that from a point close to the edge
where the transducer is positioned. We corrected for these
deformations and adjusted the contrast of the images to offer a
better representation to the reader.
Figure 5 (c) is the summed voxel projection of the OCT for
all depths (3 mm in air). Figure 5 (d) represents the superposi-
tion of the en-face OCT image corresponding to a single depth
(at 1.1 mm measured in air) as indicated in Fig. 6 (b), with
the PAM maximum amplitude projections taken at 542 nm,
616 nm and 800 nm for bandwidths of 50 nm. The OCT is
represented in grey scale while the red corresponds to PAM
with the band centered at 542 nm, blue at 616 nm and green at
800 nm. Purple results from superposition of red and blue col-
ors corresponding to the overlay of PAM signals at 542 nm and
at 616 nm, cyan results from superposition of blue and green
corresponding to an overlay of PAM signals at 616 nm and
800 nm. Figure 5 (e) corresponds to the same PAM images em-
ploying a bandwidth of 25 nm, to narrow the spectral excitation.
B-scans images in columns 1, 2 and 3 of Fig. 6 are collected
at different lateral positions indicated respectively by the lines
1,2 and 3 over the Fig. 5 (a). Figures 6 (a-c) represent the




Figure 6: (a-c) OCT B-scans corresponding to respectively the positions 1,2
and 3 marked in Fig. 5 (c), (d-f) superposition of PAM B-scans at 542, 616
and 800 nm with 50 nm bandwidth (red, blue and green, respectively) at posi-
tions 1, 2 and 3 respectively, (g-i) with 25 nm bandwidth at position 1, 2 and 3
respectively. Scale bars 500 μm.
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saturation induced by strong direct reflection of the light from
the sample. Figures 6 (d-f) show the PAM B-scans obtained
for a bandwidth of 50 nm, and Fig. 6 (g-i) for a bandwidth of
25 nm. The B-scans corresponding to each band have been
overlaid with the same color code used Fig. 5 (d) and (e): red
for 542 nm, blue for 616 nm and green for 800 nm.
OCT is a suitable tool to image the sample structure, how-
ever its limitations can be seen in Fig. 5 (c-e) and Fig. 6 (a-c),
where the different absorbers cannot be differentiated because
of their similar structure and index of refraction. MPAM
provides additional functionality to the system by allowing this
differentiation between absorbers.
In Fig. 6 (d) and (g) the signals originating from Mala-
chite Green and ICG are strong. Rhodamine B is strongly
absorbing in the band centered at 542 nm but is not detected
here. Therefore, we conclude that despite the large absorption
of Rhodamine B in this band, its concentration at position 1
is too low to be detectable by the system. In Fig. 6 (e), (f),
(h) and (i) we can observe as expected the Rhodamine B, and
additionally some artefacts in Fig. 6 (f) and (i) corresponding
to an air bubble in the sample that can be seen in Fig. 5 (a) and
in the OCT B-scan in Fig. 6 (c). Because the excitation band
centered at 616 nm overlaps with the wing of the absorption
spectrum of the ICG absorption spectrum extending from
its central peak at 800 nm, areas of high ICG concentration
contribute to absorption at 616 nm, and generate a PAM
signal. Superposition of green (PAM signal due to absorption
at 800 nm) and of blue (PAM signal due to absorption at
616 nm) leads to the cyan colored areas displayed in Fig. 5 (d).
The bandwidth centered at 800 nm does not present any
overlapping with the other two dyes absorption spectra, as
observed in Fig. 5 (b). Therefore, as expected, in Fig. 5 (d) and
(e) and in Fig. 6, only ICG contributes to the PAM signal when
excited with the band centered at 800 nm. It can be observed
in Fig. 5 (a) that the dyes form aggregates within the silicone,
that leads to variation of concentration and consequently of the
OCT and PAM signal across the sample. This is observed in
the PAM and OCT images in Fig. 5 and 6.
This combined OCT-MPAM system offers complementary
information and gives functional information from the sam-
ple, and allows distinction between different absorbers within
the 500-840 nm range. To distinguish more accurately be-
tween the different absorbers, additional spectral bands can be
used as well as reducing the bandwidth of the excitation beam.
However, reducing the bandwidth leads also to a lower energy
on sample and therefore the detected signal becomes weaker
and the effective imaging area is further limited. However, in
Fig. 5 (e) and Fig. 6 (g-i), the overlapping of the 25 nm bands
due to adjacent absorbers is less observed than with the 50 nm
bands (Fig. 5 (d)). Reducing the bandwidth gives more accu-
rate spectral characterization of the absorber at the cost of a
narrower field of view since the energy on sample is reduced.
The use of more wavelengths would therefore be more suitable
to improve the accuracy of the measurements.




Figure 7: In-vitro mouse ear (a) OCT summed voxel projection along axial di-
rection for 2 mm in air, (b) PAMmaximum amplitude projection at 550 nmwith
50 nm bandwidth, (c) OCT B-scan, (d) superposition of OCT B-scan (grey) and
PAM B-scan at 550 nm with 50 nm bandwidth (red), (e) superposition of PAM
B-scans for bandwidths covering 500-600 nm and 600-840 nm (green and blue,
respectively), (f), (g) and (h) PAM B-scans for a bandwidth of 50 nm with a
central wavelength of respectively 530, 550 and 580 nm. All B-scans are taken
at the position indicated on (a) and (b). Scale bars 250 μm.
Images of blood vessels were taken from an excised mouse
ear. Given the nature of the in-vitro preparation we were
only able to successfully image lager capillaries due to the
likely collapse of the smaller vascular tubular networks which
are typically present in the ear. Figure 7 shows the images
generated by OCT and MPAM. PAM has been registered for
multiple bands: first with bands extending from 500 nm to
600 nm, then from 600 nm to 840 nm, then for different central
wavelengths: 530, 550 and 580 nm, in each case with a band-
width of 50 nm. Figure 7 (a) represents the OCT summed voxel
projection, with the pigmentation of melanin as well as some
glands being observed. A large blood vessel is imaged by PAM
in Fig. 7 (b) using the PAM maximum amplitude projection at
550 nm with a bandwidth of 50 nm. The OCT B-scan, shown
in Fig. 7 (c), demonstrates the different layers of the mouse
ear and the large blood vessel in the middle. The presence
of the blood vessel is confirmed in Fig. 7 (d) that represents
the overlay of the OCT B-scan and the PAM B-scan taken
from Fig. 7 (a) and (b), respectively, at the position indicated




Figure 8: (a) Absorption coefficients of oxygenated and deoxygenated
hemoglobin [27] and melanin [28] and (b) theoretical and experimental PAM
normalized amplitude of these absorbers in the region of interest.
observed with PAM depending on the wavelength range used.
Figure 8 (a) shows the absorption coefficients of oxygenated
and deoxygenated hemoglobin [27] (HbO2 and Hb) and
melanin [28] over our spectral range of interest: 500-840 nm.
Hemoglobin and melanin, the two main constituents of our
in-vitro sample, absorb strongly in our region of interest. This
is observed in Fig. 7 (e) which represents the colored overlay
of PAM B-scans taken for the 500-600 nm band (green) and for
the 600-840 nm band (blue). Cyan results from a superposition
of green and blue corresponding to an absorption in both bands
(i.e. melanin, see Fig. 8 (a)). For wavelengths longer than
600 nm, melanin is the strongest absorber (blue in Fig. 7 (e))
while in the range extending from 500 nm to 600 nm, both
melanin and hemoglobin manifest absorption (cyan and green,
respectively). Furthermore, we have studied the main region
of interest for blood (500-600 nm). Figures 7 (f), (g) and (h)
represent the PAM B-scans for a central wavelength of 530,
550 and 580 nm respectively. In Fig. 8 (b), the experimental
data (black circles) are presented: for each wavelength, the
maximum amplitude of the B-scan is taken and normalized
over the maximum obtained; corresponding to the value at 550
nm. The theoretical amplitudes of the expected photoacoustic
signals for melanin and for hemoglobin are superposed to the
experimental values in Fig. 8 (b). We took into consideration
the amount of energy incident on the sample as a function of
the central wavelength to normalize our absorption coefficients.
In addition, for each absorber, we normalized these values
over their maxima. In Fig. 7 (f), (g) and (h) we should expect
similar signal amplitude for the melanin layer (horizontal line)
at each of the three wavelengths. The data set corresponding
to a theoretical oxygen saturation of 80 % has been found to
be the best match to the experimental values. The blood vessel
imaged here presents an oxygen saturation of approximately
80 % ± 5 %.
We have shown the concept of MPAM on in-vitro biologi-
cal samples combined with OCT. Hemoglobin and melanin are
clearly distinguishable with PAM by using different spectral
bands of the supercontinuum excitation beam.
4. Conclusion
Bimodal imaging OCT-MPAM is demonstrated using a sin-
gle compact supercontinuum source. Operation in a wide range
extending from 500 nm to 840 nm is proven here for multispec-
tral measurements. The capabilities of each modality for real-
time imaging were demonstrated on several samples, in-vitro.
OCT offers structural information at 1300 nm, however OCT
is often not sufficient to differentiate absorbers. As a comple-
ment MPAM using a supercontinuum source is a versatile tool
for measuring absorption spectra, oxygen saturation and differ-
entiate absorbers within the 500-840 nm range. Increasing the
number of wavelengths used for PAM will improve the accu-
racy of the results. These studies can be extended to in-vivo
biomedical samples.
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Abstract
We report on the use of a single supercontinuum (SC) source for multimodal imaging. The 2-octave bandwidth (475-2300 nm)
makes the SC source suitable for optical coherence tomography (OCT) as well as for multispectral photoacoustic microscopy
(MPAM). The IR band centered at 1310 nm is chosen for OCT to penetrate deeper into tissue with 8 mW average power on the
sample. The visible band is used for MPAM. The source is equipped with the ability to select the central wavelength as well as the
spectral bandwidth. An energy of more than 35 nJ within a less than 50 nm bandwidth is achieved on the sample for wavelengths
longer than 500 nm. In the present paper, we demonstrate the capabilities of such a multimodality imaging instrument based on a
single optical source. In-vitro mouse ear B-scans images of a mouse ear are presented.
Keywords: multimodal imaging, multispectral imaging, photoacoustic, optical coherence tomography, supercontinuum
1. Introduction
Optical coherence tomography (OCT) and photoacoustic
microscopy (PAM) provide complementary contrasts, which
can be combined to benefit biomedical research and preclinical
studies. OCT allows structure reconstruction via backscattered
signal due to the scattering properties of the sample being
investigated. PAM is based on tissue absorption properties by
optical excitation and ultrasonic detection. Both techniques
offer real-time and non-invasive imaging. Combined OCT-
PAM systems have already been reported for a wide range of
applications such as dermal or retinal imaging [1–5].
In most of the previous work carried out on bimodal
OCT-PAM, two different light sources are used to accom-
modate the requirements of each modality. OCT employs
broadband light sources, the most common of these being
super-luminescent diodes (SLD). Recent developments of low
noise supercontinuum sources (NKT Photonics A/S) made
such sources attractive to ultra-high resolution OCT [6] as well
as visible OCT [7, 8] since they offer a spectral range from
475 nm to 2300 nm. No other light source can cover such
a wide bandwidth. PAM commonly uses single-wavelength
lasers as the excitation source, such as Nd:YAG lasers at 1064
nm [9] or its frequency-doubled counterpart at 532 nm [10],
or dye lasers[11]. In order to perform multispectral PAM
(MPAM), one can use multiple lasers [12], optical parametric
oscillators [13] (at the cost of price and speed), stimulated
Raman scattering fiber lasers [14, 15] (discrete wavelengths
with limited choice) or supercontinuum sources [5, 16, 17]
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(wide wavelength range with limited energy). Previously re-
ported supercontinuum sources for MPAM delivered too little
energy per pulse to image biological samples [16, 17], more
than 50 nJ within a bandwidth of less than 50 nm is typically
required. Preliminary work targeting the enhancement in the
pulse energy of supercontinuum sources (> 100 nJ) has been
reported [18, 19].
Here a commercial supercontinuum source from NKT Pho-
tonics A/S (SuperK Compact) that offers more than 35 nJ per
bandwidth of less than 50 nm over a broad wavelength range
extending from 500 nm to 800 nm is used. The source is cost
effective, compact and reliable. In addition, such a source can
be used for OCT and can offer high resolution due to the large
optical bandwidth available. To our knowledge, this is the first
report on a combined OCT-MPAM system that offers fast vol-
umetric imaging as well as spectroscopic measurements within
a wide range of wavelengths covering the visible from 450 nm
to 840 nm with comparable energy to those of single wave-
length lasers, and is an extension of our previous work [20].
Visible light is used in this paper because we intend to tar-
get hemoglobin, which absorbs mainly between 500 nm and
600 nm. This is the most imaged absorber for PAM, reported
for MPAM alone [17] or combined with the structural informa-
tion of OCT [1–5]. After some primary work to illustrate the
system capabilities, we present in Section 3.3 in-vitro images of
a mouse ear. The determination of hemoglobin oxygen satura-
tion is of great interest, and due to the multispectral capabilities
of the system, we are able to estimate the oxygen saturation of
the mouse ear blood vessel.
Preprint submitted to Elsevier August 21, 2017
2. Material and methods
Figure 1: Schematic of the combined OCT-MPAM system. C: 50/50 coupler,
DM: dichroic mirror, M: mirror (OCT reference arm), Obj: objective lens, PC:
polarisation controller, RC: reflective collimators.
Figure 1 represents the schematic of the experimental set-up.
The supercontinuum source (Compact, NKT Photonics A/S) is
used in combination with a dual band filter (VARIA, NKT Pho-
tonics A/S) which splits the spectrum into a visible and an IR
band. The visible band, covering a broad range from 450 nm
to 840 nm, is used for MPAM. The filter selects a central wave-
length and a bandwidth within this range, which can be tuned
over time (the switching time between two spectral ranges is
less than 5 s). Figure 2 (a) shows the transmission of the filter
depending on the bandwidth and Fig. 2 (b) the energy on sample
for different central wavelengths and bandwidths. A longpass
filter, with a cut-off wavelength of 1150 nm (FEL1150, Thor-
labs) ensure a spectrum centered at 1310 nm for the OCT chan-
nel and a power of 8 mW on the sample. These two spectral
bands are fiber-delivered to facilitate the implementation of the
combined system (Connect FD7 non-PM and FD5 non-PM re-
spectively, NKT Photonics A/S). A 50/50 fiber coupler is used
for the interferometer (TW1300R5A2, Thorlabs) with a polar-
ization controller in the reference arm only. Silver-coated re-
flective fiber collimators (RC04APC-01 in the sample arm and
RC08APC-01 in the reference arm, Thorlabs) are used to ensure
achromaticity. Both bands are combined in the sample arm of
the interferometer by a dichroic mirror (DMLP950, Thorlabs),
then reflected by two galvo-scanners that allows raster scanning
of the sample in the lateral directions (6220H, Cambridge Tech-
nology). An uncoated lens (LA1027, Thorlabs) focuses the two
beams on the sample. A 3D translation stage supports the sam-
ple horizontally and facilitates its alignment. In terms of detec-
tion, the OCT bandwidth is limited to 90 nm by our in-house
built spectrometer, which consists of a diffraction transmission
grating (HP 1145 l/mm @ 1310 nm, Wasatch Photonics) and a
line scan camera (SU1014-LDHI.7RT-0500/L, Goodrich). Fig-
ure 3 shows the spectrometer readout when signal from the ref-
erence arm is applied only. An IMAQ board (PCI-1428, Na-
tional Instruments) is used for the OCT detection channel. The
photoacoustic signal is detected through water by a customized
unfocused needle ultrasonic transducer (40.3 MHz center fre-
quency, 90 % bandwidth at -6 dB, 0.4 mm diameter active ele-
ment, University of Southern California). The electronic signal
generated is then amplified (ZFL-500LN+, Mini Circuits) and
either digitized at a sampling rate of 200 MHz (PCI-5124, Na-
tional Instruments) or read by the oscilloscope for the measure-
ments presented in Section 3.2.
(a)
(b)
Figure 2: Visible channel of the system with: (a) the transmission through the
VARIA depending on the bandwidth and (b) the energy per pulse measured on
the sample for different central wavelengths and bandwidths.
Supposing a Gaussian shaped source spectrum, the 90 nm
bandwidth of the spectrometer determines a theoretical axial
resolution in air, in the OCT channel, of 8.4 μm. However,
experimentally, an axial resolution of 12.3 μm was measured
with no apodization of the channeled spectra, and 17 μm when
applying a Hamming window (usually employed for filtering
fast transitions). The axial resolution of PAM is determined
by the bandwidth of the transducer: 36 MHz, which gives
a theoretical axial resolution of 32 μm. We obtained an
experimental axial resolution of approximately 34 μm by
measuring the width of the A-scan peak corresponding to the
chrome layer of an USAF target (< 1 μm). By imaging the
USAF target, we measured the experimental lateral resolution
of both modalities. The lateral resolution is slightly dependent
on the wavelength; a theoretical lateral resolution of 4 μm
to 7.5 μm is calculated for wavelengths covering the visible
range from 450 nm to 840 nm, and 8.5 μm for the OCT at
2
Figure 3: Spectrum recorded by the in-house built spectrometer corresponding
to the reference arm of the system only.
1310 nm. We could resolve element 4 from group 6 with
OCT, corresponding to a lateral resolution of 10.1 μm. The
experimental lateral resolution of PAM is 8.76 μm measured at
600 nm (5.35 μm theoretical). The maximum imaging range
of OCT is of 4 mm in air, with a signal attenuation of 3 dB at
a depth of 1.3 mm. The supercontinuum source operates at a
pulse repetition frequency of 20 kHz and the line camera of
the spectrometer is synchronized with the source in order to
secure a pulse per integration time (50 μs) and thus per A-scan.
The signal generated by the transducer is also synchronized
with the excitation pulse; therefore simultaneous OCT-PAM is
achieved. However, since PAM detection requires a medium to
couple the ultrasound waves, such as water, the absorption at
1310 nm of water limits the OCT capabilities. To demonstrate
the maximum capabilities of each imaging modality, for the
results presented here, we acquired images with each modality
sequentially. No averaging and no post-processing have been
applied to images or measurements. To produce the OCT
images the complex master slave (MS) method [21, 22] was
used. This technique presents the advantage of being tolerant
to dispersion left unbalanced in the interferometer and does not
require data to be resampled. Moreover, it delivers an absolute
value for the axial path in air, allows coherence-limited resolu-
tion without any further signal conditioning and can give direct
access to any number of en-face images without requiring to
produce the entire OCT volumetric image first. The PAM
A-scan is taken as the amplitude envelope of the photoacoustic
signal.
To create a phantom with structural information and absorp-
tion contrasts that shows the capabilities of our OCT-MPAM
system, three different dyes with an absorption spectrum in the
visible are mixed with ”silicone” (3140 RTV Coating, Dow
Corning). The three dyes are Rhodamine B (Flinn Scientific)
that has an absorption peak at 542.8 nm, Malachite Green
(Sigma-Aldrich) with a peak at 616 nm, and Indocyanine Green
(ICG) (Akorn) with a peak at 695 nm and/or 780 nm depending
on the concentration. We present images and hemoglobin oxy-
gen saturation measurements from an in-vitro mouse ear to il-
lustrate the system’s potential for biological tissue. Animal tis-
sue was obtained from C57BL/6J mice purchased from Charles
River Laboratories (Margate, UK). Mice were humanely culled
in accordance with the UK Home Office guidelines and follow-
ing approval by the University of Kent’s animal welfare ethics
committee prior to ear tissue removal.
3. Results and discussion
We present spectroscopic photoacoustic measurements for
different samples offering different absorption spectra in the
visible as well as OCT-MPAM for different in-vitro samples:
synthetic phantoms and a mouse ear.
3.1. Spectroscopic photoacoustic
To demonstrate the spectroscopic capabilities of our visible
photoacoustic system, measurements were made at a single
position of a silicone-dye sample, as shown in Fig. 4 (a). An
oscilloscope was used to register the amplitude of the acoustic
pulse for each wavelength. The response of the transducer
scales linearly with the pulse energy on the sample for energy
values larger than 1 nJ and up to at least 100 nJ. We normalised
our measurements over the energy on the sample since this
parameter varies with the wavelength. In addition, for each
dye, the absorption curve has been normalised to its maxi-
mum value, therefore we are not presenting any quantitative
measurements in terms of concentration here, but simply the
absorption spectra. We have also studied the effect of the
bandwidth (linked to the energy) on the accuracy of spectro-
scopic measurements, employing 15 nm, 25 nm and 50 nm
bandwidths. This study was done only with Malachite Green
and ICG. In Fig. 4 (b), (c) and (d) the photoacoustic measure-
ments carried out with different bandwidths of Rhodamine B,
Malachite Green and ICG respectively, are compared to the
absorption curves taken from literature in water, ethanol or
plasma [23–25], which have been integrated for a bandwidth
of 50 nm in steps of 25 nm. The absorption spectrum depends
on the media the dye has been diluted into; in our case no
literature reference is available for silicone. Figures 4 (b),
(c) and (d) show that the spectroscopic measurements can
resolve the absorption spectra of different absorbers within the
visible range. The spectral bandwidth of the excitation light
source have no significant influence on the measurements,
the differences are due to measurement uncertainties. The
spectra measured are broader than found in the literature; we
conjecture that this is due to the influence of silicone on the dye
absorption, the medium used to dissolve absorbers influences
the spectral absorption. We have however shown that our
system is capable of distinguishing between different absorbers
within the visible range and recovering their absorption spectra.
One of the main applications of spectroscopic photoacous-
tic measurements is the determination of hemoglobin oxygen
saturation. Our system uses multiple wavelengths in order to
improve the precision of the measurement compare to dual-
wavelength measurements. Figure 4 (e) shows the spectro-
scopic photoacoustic measurements at two different positions





Figure 4: (a) Photo of the three different samples, with microscopic image by reflection, scale bars 1 mm, and absorption spectrum inferred via photoacoustic
measurements of (b) Rhodamine B, (c) Malachite Green, (d) Indocyanine Green (ICG) for different bandwidths and (e) ICG for different concentrations.
concentrations (C1 and C2). The ICG absorption spectrum de-
pends on the concentration. In Fig. 4 (e) three different absorp-
tion curves of ICG corresponding to three ICG concentrations
in water from literature [25] are represented. This phantom tests
the system on distinguishing between different oxygen satura-
tions. To a certain extent we can distinguish between different
concentrations. The sample with an unknown concentration C1
presents an absorption spectrum similar to the spectrum corre-
sponding to a concentration of 6.5 μM, therefore we can conjec-
ture that our concentration C1 is approximately 6.5 μM. Like-
wise, C2 is approximately 65 μM.
3.2. In-vitro OCT-MPAM
In-vitro imaging capabilities of the bimodal OCT-MPAM
system were tested on a silicone-based sample consisting of the
three dyes mentioned above. Figure 5 (a) shows a microscope
view of the sample, the Malachite Green is situated below the
(a) (b)
Figure 5: (a) Sample under the microscope (x50) with Rhodamine B (R), Mala-
chite Green (M) and ICG (I), scale bars 500 μm and (b) absorption spectrum
from each of the three dyes with a 50 nm bandwidth used for MPAM.
Rhodamine B and the ICG and, Fig. 5 (b) shows the absorption
spectra measured in Section 3.1 corresponding to the three
different dyes. PAM has been performed on the sample by
using three consecutive wavelengths: 542 nm, 616 nm, and
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800 nm with a bandwidth of 50 nm each. The influence of the
bandwidth has also been studied by doing the same measure-
ments with a bandwidth of 25 nm. The total area scanned by
both modalities is 2.5 mm x 2.5 mm and consists of 500 x 500
A-scans. The OCT images presented in Fig. 6 correspond
to the sample without water, while for PAM water has been
introduced to couple the ultrasound waves to the transducer.
Figure 6 (b) is the summed voxel projection of the OCT for all
depths (3 mm in air). Figure 6 (c) is the en-face OCT image
corresponding to a single depth (of 1.1 mm measured in air)
indicated in Fig. 6 (e). B-scans images represented in Fig. 6 (d),
(e) and (f) correspond to the positions indicated in Fig. 6 (b).
No post-processing has been applied to the OCT images; the
bright vertical lines correspond to camera saturation due to the
direct reflection of the light from the sample.
(a) (b) (c)
(d) (e) (f)
Figure 6: (a) Sample under the microscope (x50), (b) OCT summed voxel pro-
jection along axial direction for 3 mm in air, (c) en-face OCT image at position
marked in (e), (d), (e) and (f) OCT B-scans corresponding to respectively the
positions 1,2 and 3 marked in (b). Scale bars 500 μm.
OCT is a suitable tool to image the sample structure, how-
ever its limitations can be seen in Fig. 6, where the different
absorbers cannot be differentiated because of their similar
structure and index of refraction.
We performed PAM at the same position with three different
wavelengths, but this can be extended to more wavelengths
if necessary. Each A-scan is the envelope of the acoustic
signal detected, no further processing has been performed.
Therefore, the B-scans appear curved. The travelling time
to the transducer from a point in the center of the sample is
shorter than the travelling time from an off-axis point. A linear
deformation is observed for the slow scanning axis since the
transducer is situated at one end of the sample. The travelling
time of a point on a sample situated at the other end is longer
than that of the one closer to the transducer position.
Figure 7 shows the B-scans obtained for a bandwidth of
50 nm for each of the three spectral bands. The video of Fig. 7
illustrates the B-scans obtained for a bandwidth of 25 nm. The
different absorbers are indicated by the arrows. Rhodamine B
has a low absorption coefficient compared to Malachite Green
and ICG, and considering the absorption curves (refer to
Fig. 5 (b), within the 50 nm band centered at 542 nm), it can
be observed in Fig. 7 (a) that the signal is mainly coming from
the Malachite Green and the ICG. In Fig. 7 (b) and (c) we
can observe as expected the Rhodamine B, and additionally
some artefacts in Fig. 7 (c) corresponding to an air bubble
in the sample that can be seen in Fig. 5 (a) and in the OCT
B-scan in Fig. 6 (f). Figure 7 (d) clearly shows the position
of the Malachite Green, but because of the overlapping of
the bandwidth at 616 nm with the absorption spectrum of
Rhodamine B and ICG, they can also be observed in Fig. 7 (d),
(e) and (f). Figures 7 (g), (h) and (i) clearly show the ICG,
the 50 nm bandwidth centered at 800 nm does not present
any overlapping with the other two absorbers. The signals are
discontinuous because of the nature of the sample, it can be
seen in Fig. 5 (a) that the dyes are forming aggregates within
the silicone. In addition, a shadow can be observed in depth
due to the signal generated by the transducer. As expressed
previously, no processing has been applied to the images.
Figure 7: (a), (b), (c) PAM B-scan at 542 nm with a bandwidth of 50 nm or
25 nm for respectively positions 1, 2, 3 of Fig. 6 (a), (d), (e), (f) at 616 nm, (g),
(h) and (i) at 800 nm. R: Rhodamine B, M: Malachite Green, I: ICG. Scale bars
500 μm.
This combined OCT-MPAM system offers complementary
information and gives functional information from a single
sample, and allows distinction between different absorbers
5
within the visible range. In order to distinguish more accurately
between the different absorbers, more wavelengths can be used
as well as reducing the bandwidth of the excitation beam. How-
ever, reducing the bandwidth reduces also the energy on sam-
ple and therefore the detected signal becomes weaker and the
imaging range is further limited. We repeated the performed
MPAM with a bandwidth of 25 nm. The images obtained are
presented in comparison to the ones corresponding to a band-
width of 50 nm in the video of Fig. 7. A weak signal is col-
lected from the sample edges, as observed in Fig. 7 (c), (f) and
(i). However, in Fig. 7 (a) and (d), the overlapping of the 25 nm
bands due to adjacent absorbers is still observed. Reducing the
bandwidth gives more accurate spectral characterisation of the
absorber at the cost of a narrower field of view. The use of
more wavelengths would therefore be more suitable to improve
the accuracy of the determination of the oxygen saturation.




Figure 8: In-vitro mouse ear (a) OCT B-scan, (b) PAM summed voxel projec-
tion at 550 nm with 50 nm bandwidth, (c), (d), (e) PAM B-scan for bandwidths
covering respectively 500-840 nm, 500-600 nm and 600-840 nm, (f), (g) and
(h) PAM B-scan for a bandwidth of 50 nm with a central wavelength of respec-
tively 530, 550 and 580 nm. All B-scans are taken at the position indicated on
(b). Scale bars 250 μm.
We present here the images generated from a mouse ear
in-vitro. Since these measurements have been performed
in-vitro, only a single blood vessel is imaged. Figure 8 shows
the images generated by OCT and MPAM. PAM has been
registered for multiple bands: first with bands extending from
(a)
(b)
Figure 9: (a) Absorption coefficients of oxygenated and deoxygenated
hemoglobin [26] and melanin [27] and (b) theoretical and experimental PAM
normalized amplitude of these absorbers in the region of interest.
500 nm to 840 nm, from 500 nm to 600 nm, and from 600 nm
to 840 nm, then for different central wavelengths: 530, 550
and 580 nm, each with a bandwidth of 50 nm. The OCT
B-scan, shown in Fig. 8 (a), demonstrates the different layers
of the mouse ear and a large blood vessel in the middle;
this blood vessel can also be observed in Fig. 8 (b), which
represents the summed voxel projection of PAM images. The
absorption of the skin (melanin) can be observed too with PAM
depending on the wavelength range used. Figure 9 (a) shows
the absorption coefficient of oxygenated and deoxygenated
hemoglobin [26] (HbO2 and Hb) and melanin [27] over our
spectral range of interest: 500-840 nm. Hemoglobin and
melanin, the two main constituents of our in-vitro sample,
absorb strongly in our region of interest. This is observed in
Fig. 8 (c). In the range extending from 500 nm to 600 nm,
hemoglobin is the stronger absorber while melanin has a
stronger absorption than hemoglobin for wavelengths longer
than 600 nm. That is clearly observed in Fig. 8 (d) and (e).
Furthermore, we have studied the main region of interest for
blood (500-600 nm). Figures 8 (f), (g) and (h) represent the
PAM B-scans for a central wavelength of 530, 550 and 580 nm
respectively. Figure 9 (b) represents the theoretical amplitude
of the photoacoustic signal for melanin and for hemoglobin
with 80 % of oxygen saturation. We took into consideration the
amount of energy incident on the sample as a function of the
6
central wavelength to normalize our absorption coefficients.
In addition, for each absorber, we normalized these values
over their maxima. In Fig. 8 (f), (g) and (h) we should expect
similar signal amplitude for the melanin layer (horizontal line)
at each of the three wavelengths and, for the blood vessel the
maximum amplitude is observed at 550 nm, Fig. 8 (g), and
the minimum at 530 nm, Fig. 8 (f). These expectations are
confirmed with our observations. In Fig. 9 (b), the experimental
data are superimposed with the theoretical values. For each
wavelength, the maximum amplitude of the B-scan is taken
and normalized over the maximum; corresponding to the value
at 550 nm. The blood vessel present in this B-scans has an
oxygen saturation of approximately 80 %.
We have shown the concept of MPAM on in-vitro biologi-
cal samples combined with OCT. Hemoglobin and melanin are
clearly distinguishable with PAM by using different spectral
bands of the supercontinuum excitation beam.
4. Conclusion
Bimodal imaging OCT-MPAM is demonstrated using a sin-
gle compact supercontinuum source. Operation in a wide vis-
ible range extending from 500 nm to 840 nm is proven here
for multispectral measurements. The capabilities of this system
for real-time imaging were demonstrated on several samples,
in-vitro. OCT offers structural information at 1300 nm, how-
ever OCT is often not sufficient to differentiate absorbers. As
a complement MPAM using a supercontinuum source is a ver-
satile tool for measuring absorption spectra, oxygen saturation
and differentiate absorbers within the visible range. Increasing
the number of wavelengths used for PAM will improve the ac-
curacy of the results. These studies can be extended to in-vivo
biomedical samples.
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